The magnetic properties of 1 gm wide Co zigzag wires are studied by the in-situ combination of magnetic force microscopy (MFM) and magnetoresistance (MR) measurements. The main advantage of our room temperature experiments is the possibility to directly link changes in the magnetization to changes in the magnetoresistance. In order to support the interpretation of our experimental results, the magnetic states of the zigzag wires are obtained from detailed micromagnetic simulations. The magnetic properties of the zigzag wires are dominated by the shape anisotropy due to the reduced width, while the observed magnetoresistance is largely determined by the anisotropic magnetoresistance (AMR) effect.
Introduction
Magnetic force microscopy (MFM) and magnetoresistance (MR) measurements are widely spread tools for studying the properties of mesoscopic ferromagnets. Acquiring MFM images in the presence of an external magnetic field provides the possibility to study the influence of a magnetic field on the domain structure with submicrometer spatial resolution. The MFM technique has proven its usefulness by elucidating the switching behavior of ferromagnetic thin film patterns (dots, lines) with micrometer and submicrometer dimensions 1)-2). On the other hand, MR measurements reveal the influence of changes in the sample magnetization and domain configuration on the MR of the ferromagnet. Usually, the MR is largely caused by the anisotropic magnetoresistance (AMR) effect3), which depends on the relative orientation of the current and the magnetization. When the electrons pass through a ferromagnetic domain wall, a second source of magnetoresistance may arise, i.e. the domain wall resistance4)-5). Until now, MFM and MR data have been collected in separate experiments and consequently under different experimental conditions. Combining in situ both measurement techniques eliminates this disadvantage and offers the unique opportunity to directly link changes in the MR to specific changes in the micromagnetic domain structure6). The properties of mesoscopic ferromagnets can then be revealed in great detail using one single experimental setup. For the development of new types of memories (MRAM), sensors and other applications, the fundamental understanding of the properties of these tiny ferromagnets plays an important role.
We used our combined technique to study the magnetic properties of 1 gm wide Co zigzag wires having a thickness of 35 nm. In order to enhance the room temperature sensitivity of the MR measurements, the zigzag wires are combined in a Wheatstone bridge geometry. The experimental results are compared to the output of detailed micromagnetic simulations.
Experimental
The Wheatstone bridges consisting of 1 gm zigzag wires are fabricated by a combination of electron beam lithography and lift-off techniques. The zigzag wire pattern is written into a double resist layer, which is spin coated on an oxidized silicon substrate. After development a 35 nm thick polycrystalline Co layer is deposited using a molecular beam epitaxy (MBE) system with a base pressure of 10-10 mbar. In order to prevent oxidation the wires are covered with a 2 nm thick protective Ag layer. Finally, the substrate is immersed in a hot bath of aceton for the lift-off. Figure 1 shows an atomic force microscopy (AFM) picture of the bridge. The angle co defines the direction of the external magnetic field relative to the bridge. Each branch of the bridge consists of a 1 gm wide zigzag wire containing three corners. The bridge itself is connected to four larger contact pads, allowing us to attach four electrical leads. The bridge is fed with an input voltage Vin = Vin,+ -Vin,_ using two opposite contacts while the output voltage Vout = Vout,+ -Vout,_ is measured using the two remaining contacts. If all four branches have an identical resistance the output of the bridge is expected to be zero. Otherwise, the ratio of the output voltage and the input voltage contains direct information about the difference in resistance of the branches.
For obtaining the MFM images simultaneously with the MR response, we adapted a commercial scanning probe microscope (M5, Park Scientific Instruments -now Veeco). In order to apply the external magnetic field, a compact home-built electromagnet was used. The electromagnet generates a homogeneous field in the vicinity of the sample with a maximum amplitude of 80 mT. Moreover, the field vector can be rotated continuously in the plane of the sample. The unique ability to measure the resistivity in situ is granted by providing the sample stage with four electrical contacts, which can be connected to the sample by ultrasonic wire bonding. The MR of the Wheatstone bridge is then determined using a four-terminal ac technique with lock-in detection. The input voltage has a root-mean-square amplitude of 6.2 mV and a frequency of 27 Hz.
All MFM images are acquired using phase detection in the dynamic non-contact mode with commercially available cantilevers that have magnetically coated tips (Ultralevers, Veeco). In this mode of operation the MFM is basically a magnetic charge mapping microscope7)-8). This implies that the contrast in the images arises from the sample magnetization by two different mechanisms: (i) a non-zero divergence of the magnetization (volume charges), and (ii) the fact that the magnetization vector does not run parallel to the sample edges (surface charges). 3 . Results and discussion 3 
where ƒÏ •Û and ƒÏ •a are the resistivity for ƒAE= 90•‹ and respectively. When the field decreases, the magnetic moments in the wires align with the edges because of the shape anisotropy. Due to the different response of the wires directed parallel and perpendicular to the magnetic field, the output voltage of the bridge changes. In the MFM images for the remanent states ( Fig. 2(b) ), the contrast at the edges has been replaced by a contrast located in the corners of the wires. The clear difference in the contrast of the zoomed-in images indicates that the two pairs of zigzag wires are in a different magnetic state. The magnetic properties of magnetic zigzag wires were investigated before by Taniyama of the bridge is observed. This can be linked to the magnetization reversal of the zigzag wires. Indeed, at a field of -28 mT ( Fig. 2(d) ) the zigzag wires are clearly magnetized in the opposite direction when compared to the initial state at 28 mT.
To gain more insight into the magnetic behavior of the 
Conclusions
The magnetic properties of 1 ƒÊm wide zigzag wires combined in a Wheatstone bridge geometry are studied by the in-situ combination of magnetic force microscopy and magnetoresistance measurements. This measuring technique provides the main advantage that changes in the magnetoresistance can be directly linked to changes in the magnetization. By comparing our experimental results to the output of micromagnetic simulations, the magnetic properties of the zigzag wires can be investigated in great detail. For the zigzag wires, the shape anisotropy in the wire segments plays a predominant role, while the magnetoresistance is dominated by the anisotropic magnetoresistance effect. Performing similar experiments at low temperature with piezoresistive cantilevers14) for the MFM measurements will further improve the sensitivity, enabling measurements of the resistance of individual domain walls. Also, mesoscopic magnetic variations of the magnetization can be studied. Another application of our combined measuring technique is to study the possible influence of the stray field of an MFM tip on the domain configuration of ferromagnetic structures. This can be achieved by the in situ monitoring of the magnetoresistance while the tip is scanned in close vicinity of the sample surface.
